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Abstract—Phase noise measurements of an optoelec-
tronic oscillator (OEO) at frequencies less than 10 Hz from
the carrier (10.6 GHz) as well as the measured Allan vari-
ance are presented for the first time. The system has a mea-
sured single-side-band (SSB) phase-noise of —123 dB/Hz at
10 kHz from the carrier and a oy(7) = 10710 for an inte-
gration time between 1 and 10 seconds. The importance of
amplifier phase-noise and environmental fluctuations in de-
termining the noise of the oscillator at these low Fourier
frequencies is verified experimentally and analyzed using a
generalized model of noise sources in the OEQOs. This anal-
ysis then allows prediction of the oscillator performance
from measured parameters of individual components in the
system.

I. INTRODUCTION

RADITIONAL METHODS used to obtain spectrally pure

microwave signals are based on either crystal oscil-
lators (bulk-acoustic wave, BAW, surface acoustic wave,
SAW and BVA) or various schemes that utilize high-Q
resonators directly in the X-band (like whispering-gallery
mode sapphire resonators). In the first case remarkable re-
sults have been obtained with BVA oscillators in France [1]
with a fractional frequency stability of 6 - 10~ at 10 sec-
onds of integration time, but the required frequency mul-
tiplication to reach the X-band leads to a degraded spec-
tral purity of the signal. In fact, the phase-noise associated
with a 10.6 GHz carrier obtained with noiseless multiplica-
tion turns out to be —97 dB.q/Hz' at 100 kHz. Our OEO
shows —123 dB,.q/Hz at 10 kHz from the carrier. In the
second case, very low levels of phase-noise spectral density
have been obtained, using a room temperature sapphire
resonator, in Australia [2] with —150 dBy,q/Hz at 1 kHz
from the 9 GHz carrier; but data about its stability have
not been found, and the resonator requires quite a sophis-
ticated technology.

A feature common to all such oscillators is the small
tunability that can be increased only at the expense of
stability. An attractive alternative is the idea of the op-
toelectronic oscillator (OEQ) that has been pioneered by
X. 8. Yao, et al. and studied in several laboratories [3]-
[5]. These hybrid opto-electronic systems use a long opti-
cal fiber as the frequency selective element that permits
high tunability and almost no limitation on the range of
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31 dByaq = 1 dB (re to 1 rad?).

possible oscillation frequencies, due to the high mode den-
sity generated.

It is possible to define, for a fiber in a closed loop, a
quality factor similar to the Q factor used for resonators,
not based on energetic considerations. In the fiber case,
this factor is proportional to the product of the time delay
introduced by the fiber and the oscillator’s frequency. The
important difference with respect to resonator-based oscil-
lators is that, for the OEQ, the quality factor is propor-
tional to the oscillation frequency, showing the advantage
of having as high a working frequency as possible.

Two undesirable features are the thermal dependence
of the fiber length and the non-negligible loss incurred in
the conversion from microwave to optical and back again
to microwave. To produce oscillation, this loss needs to
be compensated, requiring microwave amplifiers that limit
the short-term stability due to their flicker phase-noise.

The use of a more general version of the Leeson model,
applied to our system [7], allows us to isolate and consider
more realistic noise sources than the basic white noise con-
tributions (thermal and optical) previously analyzed in the
literature [3], [4]. This analysis then allows the prediction
of the oscillator noise performance on the basis of the mea-
sured noise of the elements that compose it.

In the next sections, after a brief explanation of the
working principle of the oscillator, we describe the OEO
prototype realized in our laboratories and present the anal-
ysis of the device noise along with related measurements.
An evaluation of the features of this kind of oscillator,
based on the described analytical and experimental tools,
is presented in the last section.

II. THE OPTOELECTRONIC OSCILLATOR

A. Basic Scheme and Equations

The general configuration for an OEQ with external
modulation, shown in Fig. 1, includes a CW laser, an
electro-optic amplitude modulator (EOM), and a photode-
tector at the end of the optical fiber. The loop is then
closed by an amplification stage, which compensates for
loss around the loop, and some kind of filter that selects
among the possible modes of this oscillator.

In our system the EOM is a Mach-Zehnder type ampli-

tude modulator, thus,
%ias + eout(t - Td) )]
Ve (M)

Pout(t) = Pin(t —7a)y [1 +ecos <7r
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Fig. 1. Basic scheme for an opto-electronic oscillator (OEO) with
external modulation.

where P, and P,,; are the optical powers incident on the
modulator and detected at the end of the fiber delay line.
The modulator’s parameters are -y, the passive insertion
loss; € is a factor related to the extinction ratio, and Vi
is the bias voltage needed to move from a maximum to a
minimum of the optical power transmittance.

The EOM is biased at the half-transmittance point, so
if the RF signal is written as:

eout(t) = Vg sin (wet) , (2)

the oscillation condition will be set by:

\% \%
Py [1 — 2eJq <_07r_> sin (wot — ond)] = % gin (wot) ,
Va Ap 3)
and can b.e rewritten as:
2yPiney (%}f) = %@,
ek +r 4)
wo = o DT K=1,23....
Td

where A is the gain of the RF amplifiers, p includes
the detector responsivity and the fiber coupling loss, and
wg = 2wy is the oscillation angular frequency. The total
delay along the loop is assumed to be the fiber delay vy,
neglecting the much smaller delays of the other elements
of the system. The mode selector in Fig. 1 selects a par-
ticular value of K (K 2 33455 in our case) among all
the solutions of (4). Both the mode selector as well as the
amplifiers are assumed to have a large enough bandwidth
that they do not affect the dynamics of the system.

In a more detailed analysis, the mode selector is de-
scribed by a Lorentzian-shaped transfer function, and the
phase delay introduced by the amplifiers also is considered
[7]. As a consequence, (4) becomes:

woTa+ a4 +2QL LR — 0K + 1)r, K=1,2,3...
YR (5)
where ® 4 is the phase delay due to the amplifiers, @, is

the quality factor of the mode selector and wg, is its center
frequency.
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Fig. 2. Experimental setup for the OEO in which the variable atten-
uator is labeled with a and the variable phase shifter is labeled with

P.

The dependence of the oscillator frequency on system
parameters, other than the optical fiber length, is clearly
shown in (5). From this it is possible to obtain the expres-
sion for the frequency pulling due to the mode selector

wRrT4 + 2QL

wp) = Qu (wr —wr),

QF (6)

Wo — WF (wr —

where wp is the oscillator frequency if the fiber length
alone determined it, and Qp is the quality factor defined
for a fiber as:
Qr = EOQE- (M
The OEQ, therefore, can be included in the well-known
cases of coupled oscillators with different selective ele-
ments. In particular, if @, the quality factor of the mode
selector, is high, its stability will influence the resulting
stability of the oscillator.

B. Ezxperimental Setup

The experimental setup is shown in Fig. 2. The laser is
an InGaAsP distributed feedback laser (DFB) with a 3 mA
threshold current and a maximum output optical power of
70 mW at a current of 200 mA. In our present experiments,
a 100 mA injection current is used with an optical output
power of about 35 mW. After passing through an optical
isolator, the output beam is coupled into the input fiber
of the EOM.

The EOM has an optical insertion loss of about 3 dB
and a V; of about 6 V measured at the operating condition
of the oscillator, that is, with a 10.6 GHz signal at the RF
port. A servo system is used to keep the bias point of the
EOM stable. At this point (after the EOM) the remaining
optical power is 7% of the laser output power; the fiber
coupling efficiency is 28%, the passive insertion loss of the
modulator is 50%, and another 50% is lost due to the half-
power bias point of the EOM.
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The optical delay between the EOM and the detec-
tor is provided by a 1.2 km, single-mode, temperature-
compensated optical fiber. This fiber has a temperature
dependence of optical delay of 3 ps/(km-K) {compared to
the typical fiber coefficient of about 30 ps/km-K)).

The detector is a commercial device with a bandwidth
of 25 GHz and an inferred responsivity of 0.17 A/W. Al-
though we are able to obtain the maximum modulation
depth, according to (3), with the EOM input RF power
near 22 dBm?, the detected RF signal is only —37 dBm.
The total conversion loss from microwave to optical and
back to microwave is about 62 dB. The photodetector sees
about 1.75 mW of light, corresponding to 5% of the op-
tical power delivered by the laser. These numbers set the
minimum gain, which needs to be provided by the RF am-
plifiers. A low-noise high-gain amplifier provides the first
45 dB of gain, and a low-noise high-power amplifier pro-
vides the rest of the required gain and delivers the 22 dBm
signal (with some amount of compression) to the RF mod-
ulator port.

The mode selector is a critically coupled microwave cav-
ity, which introduces 6 dB of loss. It is placed between the
two amplifier stages. The variable attenuator allows us to
control the amount of compression in the system. The re-
sulting microwave signal delivered by the oscillator has a
RF power of 22 dBm. A side-mode suppression of about
73 dB is due to the filter cavity, which has a loaded quality
factor @1 of about 8300.

ITI. THE NOISE

The phase-noise of this oscillator can be predicted using
a simple model based on the one described by Leeson (3],
which is obtained with the application of control system
theory in the Fourier domain [7]. Fig. 3 is a simplified block
diagram that represents the OEO in which the block L{w)
consists of the laser, the EOM, the optical fiber, and the
detector. Noise sources represented by N(w) are added at
the input of each block. The noise spectra present at each
summing junction are related to phase-noise spectra by:

N(w) = VsAd(w) (8)

where the Vg is the amplitude in the signal at the sum-
ming junction. By applying basic control system theory it
is possible to write:

A(bout(UJ)
_ LA HA [AD, (W) + ADy(w) + ADgy(w)] + AP (w)
B 1—LAHA; (é)

In terms of power spectral densities, it then can be written
as:

2
WR
SoPlowe = |5 om0y | 150,

+ 8o (D] + 8o (Hly + S (D]

21 dBm = 1 dB (re 1 mW).

(10)
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Fig. 3. Block diagram of OEO with main noise sources.

where f is the frequency offset from the carrier, and cross-
correlation terms have been neglected. Using this model,
we can understand the effects of the different noise sources
present in the oscillator.

In previously published analysis of the phase-noise of
the OEQ, considerable care is dedicated to the thermal
and optical generated noise inside the loop, which has a
white spectral distribution; but it is not considered, for
example, the contribution of the flicker phase-noise of the
amplifiers. The white noise sources can provide a faithful
description of reality only at frequency offset greater than
a few kilohertz from the carrier; but for spectral regions
closer to the carrier, as will be clear from the measure-
ments, this is not true anymore. In the original Leeson
model [8], the diagram representing the oscillator is com-
posed of only two blocks: a selective element and an am-
plifier closed in a loop. However, the complete amplifier
noise spectra can be included in the model.

In the approach followed in this paper, a model for the
oscillator more complicated than the one proposed by Lee-
son [8] is considered. Moreover, it is possible to insert the
measured noise spectra of the single components of the os-
cillator in (10), verifying experimentally their contribution
in the OEQ phase-noise.

We start considering the noise contributions of the de-
tection process and the amplification stages. The detec-
tion stage equivalent circuit is shown in Fig. 4, with the
photodetector simply terminated with a 50 Q resistor,
called R, and I; being the noiseless photocurrent, con-
taining both a DC and a RF component. At microwave
frequencies the detector has two white noise sources, the
resistor’s thermal noise and the photocurrent shot noise.
With an optical power of 1.75 mW incident on the de-
tector with a responsivity of 0.17 A/W, the shot-noise is
2,0 = 2elq = 10722 A? /Hz, while the thermal noise is
2 = 4kT/R = 1.4-107%1 A?/Hz.

Then, the white phase-noise delivered to the load, cal-
culated from the circuit in Fig. 4, will be (see (11) top
of next page): where P, is the signal power measured at
the detector output {—37 dBm). Thus at this level of pho-
tocurrent, the term associated with the resistor’s thermal
noise is clearly dominant.

Instead of characterizing each amplifier separately, the
equivalent input phase- noise of all the RF components of
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Fig. 4. Photodetector equivalent circuit with shot noise and thermal
noise sources. The load resistor is the input impedance of the first
amplifier and is assumed to be 50 Q.

attenuator in place of the cavity

S
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Fig. 5. Block diagram of the ensemble called RF' chain.

the oscillator (except for the cavity) has been measured.
The block diagram of this ensemble, called RF chain, is
displayed in Fig. 5. The measurements have been per-
formed with a single- mixer homodyne noise-measurement
system, and the results are plotted in Fig. 6.

The total phase-noise at the input of the RF chain is the
sum of the input-equivalent noise of the RF chain and the
white noise coming from detection. This resultant quantity
can then be substituted into the term S,(f)|, in (10) to
understand the individual contribution of the detection
noise and amplifier phase-noise to the total phase-noise of
the complete OEO.

The oscillator’s phase-noise, plotted in Fig. 7, has
been measured with a frequency-discriminator noise-
measurement system and can be analyzed in terms of
power-law spectral densities. The small portion of white
phase-noise (slope f°) around 100 kHz from the carrier
is due to the presence of the adjacent side-mode of the
oscillator. For our 1.2 km fiber, the free-spectral range is
about 150 kHz, and the side-mode suppression (with the
filter cavity) is about 73 dB, comparable with the suppres-
sion achieved by Yao et al. [9] with the use of two fibers
of different lengths.

The next two segments on the phase-noise plot, with
slope of 20 dB/decade and 30 dB/decade, respectively, are
due to the presence in the oscillator loop of white and
flicker phase-noise. In particular, if the measured oscilla-
tor’s phase-noise is compared with the predicted contribu-
tions of the amplifiers and detection process, as shown in
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Fig. 6. Phase-noise power spectral density (PSD) of the RF chain,
measured with a single-mixer homodyne noise-measurement. (RF
chain input power: —40 dBm, carrier frequency: 10.571 GHz).
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Fig. 7. Measured PSD of the OEO with superposed power law model.
The carrier frequency is 10.57 GHz. '

Fig. 8, it is clear that the amplifiers play a major role in
limiting the spectral purity in this low-frequency portion
of the spectrum.

The very low-frequency part of the spectrum shows
random-walk frequency noise (slope f —4), and it is known
to be related mainly to environmental factors such as
temperature fluctuations and vibration. Presumably these
could be reduced with proper environmental control, but
this was not the objective of the present work [9].

The OEO stability has been characterized in the time
domain by two methods: first measuring the frequency rel-
ative to a H-maser with a frequency counter, and second
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Fig. 9. Measured Allan variance of the relative frequency fluctuations
versus integration time 7.

by looking at the fractional frequency fluctuations using
the Allan variance. The Allan variance results are shown
in Fig. 9: the flat part of the curve is known to be related
to the frequency flicker noise of the oscillator (slope f~2 in
Fig. 8), but the part with slope 711 is a direct consequence
of the thermal drift of the fiber length. Using the asymp-
totic relations between the Allan variance of the fractional
frequency fluctuations and the phase-noise PSD [10], it is
possible to obtain:

2(1s)- 12 2
%L8) ¥ gyrad®, 4dBraa
2ln2 Hz Hz

S,(1Hz)= 1)

is a number that confirms the data shown in Fig. 7.

IV. PERFORMANCE EVALUATION

The optoelectronic oscillator has been presented in the
introduction as a possible alternative to other, more tradi-
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Fig. 10. Comparison between the OEO and the best room temper-
ature oscillators: the French quartz oscillator [1] and the Australian
sapphire oscillator [2]. Results achieved by Yao et al. for an OEO
with a 2 km fiber delay line also are shown [9)].

tional types of oscillators. Fig. 10 is a comparison, in fre-
quency and time domain, between our unoptimized pro-
totype OEO and the best published examples of quartz
oscillator [1] and sapphire oscillator [2] together with the
last results of the OEO built by Yao et al. [9)].

Our results, in terms of phase-noise, are quite good and
not too far above the free-running sapphire oscillator. The
improvement achieved in the stabilized sapphire oscillator
shows that it could be valuable to consider the application
of the same technique used by Ivanov et al. [2].

The basic idea of their stabilization approach is to use
the frequency selective element of the oscillator, that is
the fiber for the OEQ, as part of a phase-noise discrim-
inator measurement system. The detected noise is then
fed back, with the appropriate sign, into the loop of the
oscillator reducing the oscillator noise. The noise floor of
this measurement system, therefore, represents the limit to
the improvement of the oscillator phase-noise performance
with this technique. This noise floor depends on the RF
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power incident on the selective element and on its coupling
efficients. In our OEQ, the RF power available for the dis-
criminator can be of the order of —47 dBm (2220 pW).
This is much less than the power used in the sapphire sta-
bilization scheme. As a result, the projected noise floor
in our case would be —118 dB,,q/Hz at 1 kHz with a
slope f~2, for frequency offsets ranging between 20 Hz
and 10 kHz. The only solution to this problem would be
to reduce the losses in the microwave-light-microwave con-
version. Of the 62 dB mentioned in the description of the
experimental setup, optical losses comprise 26 dB. The de-
tection process involves another 12 dB of loss, due to the
low responsivity (0.17 A/W) of our high-speed detector.
The high RF power required to drive the EOM for signifi-
cant light modulation causes the remaining 24 dB of losses.
The modulator was chosen for an optimized compromise
between high bandwidth, low V7, high optical input power,
and, more importantly, commercial availability. Using a
detector with a responsivity of 0.7A /W, the noise floor of
the discriminator measurement system can be lowered by
6 dB, reaching —124 dB;,q/Hz at 1 kHz from the carrier.
This leads to a short-term frequency stability of:

Se(f)f? 4.10714
2031 T

ay(7) = (13)

being valid for integration times shorter than one second.

For larger integration times (i.e., smaller offset frequen-
cies for PSD), the noise floor of the system is no longer
defined with a slope of f~2 [2]. Moreover, the frequency
fluctuations due to the fiber length fluctuations become
significant, and they cannot be corrected by this noise sup-
pression method because the fiber is part of the measure-
ment system. From (12), it can be seen at the frequency
stability between 1 and 10 seconds is determined also by
that part of the PSD that has slope f~* (see Fig. 7), that
is random walk of frequency, primarily due to environmen-
tal fluctuations. As a consequence, the stabilization tech-
nique described here will not necessarily lead to a better
medium-term stability. To be competitive with the world’s
best room temperature oscillators, a number of these fac-
tors will need to be addressed.

This paper has presented a general and versatile theo-
retical model for the phase-noise contributions to the OEO
noise. In particular, the effect of amplifier phase-noise has
been clearly identified and measured.

Experimental data for our OEO prototype, both in fre-
quency domain and time domain, has been provided. In
particular, power spectral density of phase noise for fre-
quency offset from the carrier below 10 Hz and Allan vari-
ance of the fractional frequency fluctuations have been
measured.

A comparison with the best room temperature oscil-
lator available at the moment has been offered with the
purpose of putting our OEQ, although unoptimized, in a
wider context, allowing a better evaluation of the improv-
ing factors that need to be addressed.

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 47, NO. 5, SEPTEMBER 2000

ACKNOWLEDGMENTS

We thank S. R. Jefferts and F. Ascarrunz for many help-
ful and illuminating discussions. We also are grateful to R.
Mirin and M. Young for carefully reading the manuscript.

REFERENCES

[1] M. Mourey and R. J. Besson, “Performances of new hyperstable
BVA oscillators,” Workshop on a New Generation of Space
Clocks, Proc. 11th EFTF, Neuchatel, 1997.

[2] E. N. Ivanov, M. E. Tobar, and R. A. Woode, “Ultra-low-noise
microwave oscillator with advanced phase noise suppression sys-
tem,” IEEE Microwave Guided Wave Lett., vol. 6, no. 9, pp.
312-314, 1996.

[3] X. S. Yao and L. Maleki, “High frequency optical subcarrier
generator,” FElectron. Lett., vol. 30, pp. 1525-1526, 1994.

[4] , “Optoelectronic oscillator for photonic system,” IEEE J.
Quant. Electron., vol. 32, no. 7, pp. 1141-1149, 1996.

[5}) J. Kitching, L. Hollberg, and F. L. Walls, “A 1 GHz optical-
delay-line oscillator driven by a diode laser,” Proc. IEEE Int.
Freq. Contr. Symp., 1996, pp. 807-814.

[6] E. N. Ivanov, M. E. Tobar, and R. A. Woode, “Advanced
phase noise suppression technique for next generation of ultra
low noise microwave oscillator,” Proc. IEEE Int. Freq. Contr.
Symp., 1995, pp. 314-320.

[7] S. Romisch and A. De Marchi, “Noise predictions for the op-
toelectronic oscillator using different models,” Proc. IEEE Int.
Freq. Contr. Symp., 1999, pp. 1100-1104.

[8] D. B. Leeson, “A simple model of feedback oscillator noise spec-
trum,” Proc. IEEE Lett., vol. 54, 1966, pp. 329-330.

[9] X. S. Yao, L. Maleki, Y. Ji, G. Lutes, and M. Tu, “Dual-loop
opto-electronic oscillator,” Proc. IEEE Int. Freq. Contr. Symp.,
1998, pp. 545-549.

[10] J. Rutman, “Characterization of phase and frequency in-
stabilities in precision frequency sources: Fifteen years of
progress,” Proc. IEEE, vol. 66, no. 9, pp. 1048-1075, 1978.

Stefania Romisch was born in Torino, Italy
in 1967. She received a degree in electronic
engineering in 1993 and a Ph.D. degree in
electronic instrumentation in 1998, both from
Politecnico di Torino, Italy. Her Ph.D. disser-
tation work concerned the construction and
characterization, both theoretical and exper-
imental, of a class of ultra-stable X-band op-
toelectronic oscillators, together with the de-
velopment of a prescaled clock recovery for
high bit rate optical time domain multiplex-
ing (OTDM) systems.

In 1994 she was a consultant in the Electronic Department of
Politecnico di Torino as well as a guest researcher in the Time and
Frequency Division of the National Institute of Standard and Tech-
nology (NIST), in Boulder, CO. She is now a guest researcher in the
Time and Frequency Division at NIST in Boulder, CO, where she is
working on optoelectronic oscillators.

Her research interests are low noise microwave oscillators, analy-
sis of noise processes and noise measurement systems, optoelectronic
systems, and frequency metrology.

John Kitching was born in Chester, England, in 1968. He received
his B.Sc. degree in physics from McGill University in Montreal, Que-
bec, Canada, in 1990 and his M.Sc. and Ph.D. degrees in applied
physics from the California Institute of Technology in Pasadena, CA,
in 1992 and 1995, respectively. His thesis research was on the am-
plitude and frequency noise properties of semiconductor lasers with
optical feedback.



ROMISCH et al.: EVALUATION OF AN OPTOELECTRONIC OSCILLATOR

From 1995 until 1998 he was a postdoctoral research associate at
JILA and the University of Colorado in Boulder, where he is cur-
rently a senior research associate.

His research interests include atomic physics, primary frequency
standards, low-noise microwave oscillators, and the applications of
serniconductor laser technology to problems in these areas.

Eva S. Ferre-Pikal received her B.S. degree in electrical engineer-
ing from the University of Puerto Rico, Mayaguez, in 1988. In 1989,
she received her M.S. degree in electrical engineering from the Uni-
versity of Michigan, Ann Arbor. From 1988 to 1991 she worked for
AT&T Bell Laboratories in Westminster, CQO. She received her Ph.D.
degree from the University of Colorado at Boulder in 1996. The main
topic of her thesis was the up-conversion of low frequency noise into
amplitude and phase noise in BJT amplifiers.

From 1997 to 1998 she was a National Research Council Post-
doctoral Research Associate at the National Institute of Standards
and Technology. In 1998 she joined the Electrical Engineering De-
partment at the University of Wyoming as an assistant professor.

Her research interests are phase and amplitude noise processes in
oscillators and amplifiers, the generation and synthesis of signals very
stable in frequency and amplitude, and the design and applications
of low noise devices.

Fred L. Walls (A’93-SM’94) was born in
Portland, OR, on October 29, 1940. He re-
ceived the B.S., M.S., and Ph.D. degrees in
Physics from the University of Washington,
Seattle, in 1962, 1964, and 1970, respectively.
His Ph.D. thesis was on the development of
long-term storage and nondestructive detec-
tion techniques for electrons stored in Pen-
ning traps and the first measurements of the
anomalous magnetic (g-2) moment of low en-
ergy electrons.

From 1970 to 1973, he was a Postdoctoral
Fellow at the Joint Institute for Laboratory Astrophysics in Boul-
der, CO. This work focused on developing techniques for long-term

1165

storage and nondestructive detection of fragile atomic ions stored
in Penning traps for low energy collision studies. Since 1973, he
has been a staff member of the Time and Frequency Division of
the National Institute of Standards and Technology, formerly the
National Bureau of Standards in Boulder. He is presently Leader
of the Phase Noise Measurement Group and is engaged in research
and development of ultra-stable clocks, crystal-controlled oscillators
with improved short- and long-term stability, low-noise microwave
oscillators, frequency synthesis from RF to infrared, low-noise fre-
quency measurement systems, and accurate phase and amplitude
noise metrology. He has published more than 150 scientific papers
and articles. He holds five patents for inventions in the fields of fre-
quency standards and metrology.

He received the 1995 European “Time and Frequency” Award
from the Societe Francaise des Microtechniques et de Chromometric
for “outstanding work in the ion storage physics, design and devel-
opment of passive hydrogen masers, measurements of phase noise in
passive resonators, very low noise electronics and phase noise metrol-
ogy,” He is the recipient of the 1995 IEEE Rabi Award for “major
contributions to the characterization of noise and other instabilities
of local oscillators and their effects on atomic frequency standards”
and the 1999 Edward Bennet Rosa Award for “leadership in develop-
ment and transfer to industry of state-of-the-art standards and meth-
ods for measuring spectral purity in electronic systems,” He has also
received three silver medals from the US Department of Commerce
for fundamental advances in high resolution spectroscopy and fre-
quency standards, the development of passive hydrogen masers and
the development and application of state-of-the-art standards and
methods for spectral purity measurements in electronic systems. Dr.
‘Walls is a Fellow of the American Physical Society, a Senior Member
of the IEEE, a member of the Technical Program Committee of the
1EEE Frequency Control Symposium, and a member of the Scientific
Comunittee of the European Time and Frequency Forum.



